A flatoxin is a hepatotoxic, carcinogenic, and immunosuppressive byproduct of the fungus, Aspergillus flavus Link, which is associated with a variety of food commodities such as maize (Zea
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exceeded the research program average yield by 20%. repeatability for log-transformed aflatoxin levels exceeded 0.50 in most years, while yield was mostly above 0.75. Testing for Type II stability indicated a positive response of high-yielding lines to better environments. The SErAT program enabled the identification of 13 top-performing experimental hybrids that have yielded on par with or exceeded check averages and had aflatoxin levels significantly lower than check averages. in harvested crops. The level of aflatoxin permitted in grain sold in US interstate commerce is tightly regulated by the US FDA. The current US FDA guidelines for aflatoxin levels has set a threshold of 20 ng g −1 for feed for dairy cattle and up to 300 ng g −1 for feedlot cattle, which has resulted in discarded grain each year (FDA regulatory guidance for mycotoxins, August 2011), with an estimated impact of $225 million yr −1 , not including the $20 to 30 million yr −1 for testing (Schmaile and Munkvold, 2009 ). The most cost-effective way to control aflatoxin is to identify stable sources of genetic resistance, which include inbred lines such as Mp313 (Scott and Zummo, 1990) , Tx772 (Llorente et al., 2004) , Tx736, Tx739, Tx740 (Mayfield et al., 2012) , Mp718, Mp719 (Williams and Windham, 2012) , GT603 , and TZAR106 (Menkir et al., 2008) . Due to its highly quantitative inheritance, however, resistance is not always transferred into high-yielding inbred lines. Heritability estimates can be quite variable, often due to the high genotype ´ environment interaction variance. Aflatoxin accumulation depends on temperature, soil moisture and relative humidity, the genotype of the host, and the inoculation method used for screening (Zummo and Scott, 1989; Windham et al., 2009; Henry et al., 2010; Warburton et al., 2013) . Different inoculation methods (knife, silk-channel, and side-needle techniques) have all been found to be effective in differentiating among resistant and susceptible hybrids (Scott and Zumino, 1994; Buckley et al., 2006; Hawkins et al., 2008; Williams et al., 2008a; Henry et al., 2010) .
The production of aflatoxin by A. flavus is favored by drought stress induced in maize by low rainfall, daily mean temperatures that exceed 25°C, and a daily maximum temperature above 35°C (Hawkins et al., 2008) . In the United States, the states along the Gulf of Mexico and southeast Atlantic Coast are most often affected, but there is great variation from one year to the next. In 1977, on the Coastal Plain that includes the Carolinas through Georgia and southern Alabama, the average level of contamination was 97 ng g −1 but reached more than 600 ng g −1 in some areas (Scully et al., 2009) . While drought stress causes the host to be more vulnerable, A. flavus grows best with water activity (a w ) between 0.86 and 0.96, and being primarily a saprophyte, it lives off plant and animal debris in the soil. It has superior ability to survive and outcompete other organisms under harsh conditions. It overwinters as mycelium or sclerotia that can germinate to produce hyphae and conidia (asexual) spores that are easily dispersed in the soil and air (Bhatnagar et al., 2000) .
In addition to the abiotic stress conditions, biotic stress due to insect pests that feed on the kernels have been shown to lead to higher aflatoxin contamination, including the southwestern corn borer (Diatraea grandiosella Dyar) (Williams et al., 2005) or damage from stink bugs [Euschistus servus (Say)] and maize weevils (Sitophilus zeamais Motschulsky) . A diallel study of crosses involving mostly International Maize and Wheat Improvement Center (CIMMYT) maize line (CML) tropical and subtropical germplasm conducted in three locations in Texas found that inoculating the ears through the silk channel with a suspension of A. flavus spores provided an effective disease challenge to identify differences among the hybrids. In addition, levels of insect infestation and ear rot were significantly correlated with aflatoxin levels (Betran et al., 2002) . In contrast, a study conducted in Alabama did not find any consistent correlation between aflatoxin levels and ear damage due to European corn borer [Ostrinia nubilalis (Hübner)], southwestern corn borer, corn earworm [Helicoverpa zea (Boddie)], and the fall armyworm [Spodoptera frugiperda (J.E. Smith)] (Bowen et al., 2014) ; similarly, no significant differences were found in levels of aflatoxin in Bt versus non-Bt hybrids under natural conditions. While insect damage is an important means by which A. flavus can enter the ear and/or kernel, the fungus is capable of growing into the ear via the silks in its absence (Jones et al., 1980) . Therefore insect control alone is not sufficient to control aflatoxin.
A uniform test across different environments and inoculation methods, relevant to perceived A. flavus infection mechanisms, is believed to be valuable to identify robust genetic sources of resistance and/or decreased susceptibility. The purpose of a coordinated multi-environmental trial, the Southeast Regional Aflatoxin Trial (SERAT), was to provide breeders with a way to identify the most stable lines and hybrids for aflatoxin resistance and to characterize their agronomic performance across environments. The contributing programs of the hybrids tested included those at Starkville, MS, Tifton, GA, College Station, TX, Lubbock, TX, Urbana, IL, and occasionally others, although aflatoxin data was only available for the first four locations listed. In addition, other trials using the same hybrids were conducted in Georgia and North Carolina, testing for yield and yield-related traits only. The SERAT data have only been previously used internally on a year-by-year basis for breeders to decide on hybrids to advance and to determine if their sources of resistance are stable and robust; to date, no retrospective analysis or evaluation of the trials has been attempted.
In this meta-analysis, we sought to retrospectively analyze these data to determine (i) overall levels of aflatoxin and agronomic performance in terms of yield, plant height, ear height, lodging, and days to flowering in sets of program and commercial check hybrids across different environments; (ii) the performances of hybrids using best linear unbiased estimates of yield, yield components, and levels of log 10 (aflatoxin + 1); (iii) correlations among different traits within each year of testing; and (iv) repeatability and stability of these estimates. This analysis attempted to evaluate the value of the SERAT program and to identify the best-performing hybrids and, by extension, the best parental inbred lines for future crosses.
of 10 ears 10 to 12 d after midsilk. The remaining ears were harvested, weighed, and tested for moisture to provide yield per plot, together with that from the inoculated ears. In Mississippi, primary ears of the plants in each plot were inoculated by the side-needle technique with a 3.4-mL suspension of 3 ´ 10 8 conidia of the A. flavus isolate NRRL 3357, 7 d after midsilk (Zummo and Scott, 1989) . In Lubbock, a 3-ml suspension of 1 ´ 10 8 conidia of the A. flavus isolate NRRL 3357 was injected into the silk channel of primary ears of 12 plants in each plot 10 d after midsilk. In Georgia, the inoculum of 1 ´ 10 6 mL −1 concentration of conidia was applied by knife to about five kernels through the husk, 20 d after midsilk. In all locations, inoculated ears from each plot were hand-harvested at least 60 d following midsilk, dried, shelled, and bulked before weighing and grinding the grain. Fifty-gram (or for Tifton, 100-g) subsamples were tested for aflatoxin concentration using the VICAM AflaTest ® per manufacturer's instructions. Because aflatoxin concentration is generally not normally distributed, the levels were transformed to log 10 (aflatoxin + 1), as many other authors have reported (Kang et al., 1990; Mayfield et al., 2011; Henry et al., 2013) .
In addition to yield, plant height and ear height of the averagesized plants in a plot were measured from the ground to the top of the tassel or node of the primary ear, respectively. Also noted were percent lodging of stems and roots and days to 50% silking and 50% anthesis, although not all traits were recorded in all environments (Tables 2 and 3, Supplemental Tables S1 and S2 ).
Statistical Methods
Data from all trials were analyzed using the statistical software JMP ® version 12 (SAS Institute, 2015) . An all-random model in restricted maximum likelihood estimation (REML) was used to accommodate the unbalanced nature of the data, produce variance components, and determine the best linear unbiased predictors (BLUPs) as follows:
where m is the grand mean, g i is the random effect of hybrid i, e k is the random effect of environment k, ge ik is the random interaction effect between hybrid i and environment k, re jk is the random effect of replication j nested in environment k, and e ijk is the random residual effect for hybrid i in environment k and replication j. This model was used to generate the BLUPs by year to test stability of yield and log 10 (aflatoxin + 1), to determine genotypic correlations among traits, and to rank the program hybrids for yield and level of aflatoxin contamination by year, comparing them with commercial checks. A second mixed model in REML was used to test the magnitude of the random effects of the program hybrids while
MATERiAlS ANd METHodS

Sources of Exotic Germplasm
The germplasm used in the SERAT program included diverse hybrids derived from experimental breeding lines, released public program lines, expired plant variety protected lines, and commercial testers. The exotic germplasm backgrounds included Tuxpeño, Tuxpan (derived from Tuxpeño), CML, those from the germplasm enhancement of maize (GEM), and other sources such as 100% tropical Latin American accession (LAMA) lines from Bolivia that had been adapted to temperate climates (Ochs, 2005) . Tuxpan races are primarily from Mexico, and many released CIMMYT lines include Tuxpeño germplasm (Warburton et al., 2013) . The GEM lines have between a 25 to 50% tropical background based on pedigree (Nelson et al., 2016) . A germplasm from Cuba known as Caribbean Flint is resistant to maize weevil infestation and is believed to have originated from the east coast of South America (Hatheway, 1957) . TZAR106 and five other TZAR lines were developed for resistance to aflatoxin accumulation by the International Institute of Tropical Agriculture (IITA), in collaboration with Southern Regional Research Center of the USDA-ARS (Menkir et al., 2008) . Hybrids were made within and submitted by individual breeding programs based on their own criteria, one of the largest of which was seed availability, as producing the required amount of experimental hybrid seed can be challenging in the southern United States.
Field design and Phenotyping
Two overlapping datasets are reported in this meta-analysis. The first (dataset 1-yield) included 12 separate locations in which yield and other agronomic traits were measured over 10 yr, amounting to 54 environments, since not every location was tested in every year. The second (dataset 2-aflatoxin) included the four locations in which aflatoxin was measured over 10 yr (Starkville, Tifton, College Station, and Lubbock), contributing to 31 environments.
Each year and across both datasets, a set of 4 to 10 hybrids were contributed by each of four participating breeding programs, and this set of 30 to 40 entries were tested at all locations, along with several commercial checks to serve as controls. These trials were planted in a randomized complete block design, with two to four replications as the blocking factor. Standard regional agronomic practices with respect to fertilizer and pre-emergent herbicide were followed at each research site. The research plots were planted at a time when there were high temperatures and low rainfall to increase the abiotic stress that promotes the production of aflatoxin; in some locations such as College Station, planting was delayed approximately a month after the optimum planting date. A subset of ears in each plot were inoculated with a suspension of A. flavus spores within 10 to 20 d after 50% silking (Table 1) .
Towards robust screening of resistance, inoculation was performed differently at each site. In College Station, inoculum was prepared from the A. flavus isolate NRRL 3357 grown on sterilized corn kernels. The conidia were then washed off and purified by repeated sedimentation through centrifugation at 4°C to obtain a final spore concentration of 10 7 mL −1
. Three milliliters of inoculum were injected down the silk channel keeping the check hybrids fixed and the environment and all interactions random as follows, producing a table of variance components and one of fixed effects:
where m is the grand mean, p i is the random effect of program hybrid i, c i is the fixed effect of check hybrid i, e k is the random effect of environment k, pe ik is the random interaction effect between program hybrid i and environment k, ce ik is the random interaction effect between check hybrid i and environment k, re jk is the random effect of replication j nested in environment k, and e ijk is the random residual effect for hybrid i in environment k and replication j.
For these analyses, it was assumed that all test hybrids were unrelated and not randomly chosen; thus, repeatability was estimated instead of heritability on a genotype mean basis. Replications reflect the weighted averages of replications among locations in a given year that ranged from two to four. The variation in the number of locations for testing yield and other traits was taken into account as well; in most years, these included College Station, Tifton, Starkville, and Lubbock for yield and aflatoxin, and Kinston and Lewiston, NC, for yield. Repeatability (h 2 ) was calculated as:
where G, GE, and e are the variance components of genotype, genotype ´ environment interaction, and residual error, respectively, with r as the number of replications and e as the number of environments.
A joint-regression analysis proposed by Finlay and Wilkinson (1963) , based on use of regression by Yates and Cochran (1938) , was applied to determine stability of yield BLUPs in each of the genotypes (i.e., the level of sensitivity in response to different environments relative to the average genotype). In their model, the individual performance of a genotype is regressed against the average of all the genotypes in a given environment to obtain one of two types of stability. Both Types I and II, as originally defined by Lin et al. (1986) are based on the slope (b) itself. In Type I, b = 0 indicates no change in the level of performance in poor and favorable environments alike. Thus the entry is the most stable among all entries. Type II entries in which b = 1 respond in a similar manner to the average of all entries, with better performance in more favorable environments. In general, most breeders no longer consider Type I desirable because the genotype always shows a constant yield, regardless of environment, otherwise known as the "biological concept" of stability (Becker, 1981) , as opposed to the "agronomic concept" of stability, which favors the capacity for improvement in response to the environment. The ideal variety, Supplemental Table S2 ). Applying logarithmic transformation [log 10 (aflatoxin + 1)] to the raw data increased the percentage of variance due to genotype and reduced the residual error, and so was retained in subsequent analyses. Following log transformation, the geometric mean of back-transformed values was 139 ng g −1 for all entries over all environments. Confidence intervals for geometric means were calculated on the transformed scale and then transformed back, as the standard deviation cannot be transformed back to the original scale (Bland and Altman, 1996) . This was the only trait with an estimate significantly different between program and check hybrids with a 95% confidence interval for program hybrids of 123 to 138 ng g −1 below that of the check hybrids at 169 to 207 ng g −1
. Each location in some years experienced unusually high levels of contamination, such as in College Station in 2011, when there was a prolonged season of high temperatures and drought and, unlike most years, program hybrid levels exceeded check levels of aflatoxin. Levels in Lubbock were also high in 2011 relative to those of other years, and as in College Station, the average level for program hybrids exceeded the check average. Since the methods of inoculation (along with agronomic management and environmental conditions) varied by location (Table 1 ) the levels are not directly comparable; however, there was consistency of hybrids among locations, as exhibited in Table 4 , which is important for the practical resistance desired by growers.
Analysis of Variance Components
Most hybrids, except for certain commercial checks, were only evaluated in 1 yr but over multiple locations, with each location having a different number of replications; this design was unbalanced. Variance component effects due to hybrid, therefore, were summarized by year for yield, aflatoxin levels, plant height, ear height, lodging, days to silking, days to anthesis, and over multiple locations. In the all-random model that included data across years and environments (Eq. [1]) the variation in yield due to genotype was 18.5% of the total variation (significant at p < 0.0001), which exceeded the residual variation by 2% (Table 5a ). As expected, the environmental difference in yield (55%) greatly exceeded the genotype effect, but genotype ´envi-ronment interaction was only half of the genotypic variation. There was no one location that contributed disproportionately to these effects, and high genetic variance in yield and other agronomic traits due to environment and genotype ´environment interactions is common, especially under drought conditions in maize (Zaidi et al., 2004; Farfan et al., 2015) . Since the trials were conducted at a later than optimal planting date, drought and heat stress occurring during flowering and grain fill stages likely had a significant impact on many genotypes, even those of tropical origin. This is exemplified by the results of another trial conducted according to Finlay and Wilkinson (1963) , is one with "maximum yield potential in the most favorable environment," which is in agreement with the conclusions of Betran et al. (2003) and Perkins and Jinks (1968) . A third type of stability, Type III, measures the mean square deviation from the regression (mean square error, MSE) (Joppa et al., 1971) . Since most program hybrids were only tested in 1 yr, separate analyses were run for each year. The minimum number of environments required for the regression analyses was set to five; thus, certain hybrids that were not tested in enough locations in a given year were not included in this analysis.
RESulTS ANd diSCuSSioN
Ranges and Averages for Yield and Agronomic Traits in dataset 1
The average yield over all environments and entries was 8. . Tifton had the highest average yield across years and the North Carolina sites had the lowest, most likely due to being the most geographically north; however, a wide diversity of yields was observed between years (Supplemental Table S1 ). , respectively (Henry et al., 2013) , while SERAT yields in the same environments with similar hybrids were 6.5, 3.7 and 8.5 Mg ha −1 , respectively. Given the inclusion of exotic germplasm for aflatoxin resistance, it was unsurprising that the temperate commercial check average yields exceeded average yields of the program entries. Tropical lines are good sources of pest or disease resistance but tend to have delayed flowering and maturity, photoperiod sensitivity, more lodging, and excessive ear height, among other undesirable agronomic traits that have discouraged most breeders from using them in breeding (Goodman, 1999; Nelson and Goodman, 2008; Mayfield et al., 2012) . Both program entries and check entries averaged 250 cm for plant height, although checks were 8 cm lower than the average program ear height of 104 cm. The program entries exhibited twice as much stalk lodging (2.8%) compared w the checks, but both groups experienced similar root lodging (4.5%).
Ranges and Averages for Aflatoxin levels in dataset 2
The average level of aflatoxin measured in inoculated ears over all environments for all entries was 323 ± 10 ng g −1 , with 313 ± 12 ng g −1 for program hybrids at 84% of the 370 ± 23 ng g −1 for checks (dataset 2, Table 3, in College Station on maize under extreme water stress in 2011 (Farfan et al., 2013) . In 2011, the environment component reached 70%, compared with 2012 at 42% using the same hybrids. In regard to log 10 (aflatoxin) in dataset 2, genotype and environment contributed nearly equally to the variance in log 10 (aflatoxin + 1), at 22 and 25%, respectively, over all years, (Table 5b) . However, the residual variance, at 39%, was much higher than that for yield, as expected given the complexity of the mechanisms of response to infection by A. flavus and mycotoxin production. The large genotypic component in this dataset suggests that stable genetic mechanisms could be identified across environments and inoculation techniques for aflatoxin resistance. Although there was a large genotype ´ environment effect for many of these traits, we were looking for stable yield and aflatoxin resistance (genetic variance), so we continued to combine all environments in further analysis to simplify presentation. In the second model (Eq.
[2]), program hybrid entries were coded as random and commercial checks as fixed. Eliminating the commercial checks, the genotypic variance component effects on yield decreased to 16%, and the fixed effect of checks was significant at p < 0.0001. This mixed model was applied to log 10 (aflatoxin + 1) as well. Under these constraints, the genotypic variance component effects of program hybrids were 22% and checks were significant at p < 0.0001 (Table 6a-6c). Comparing the results of these two models indicated that most of the genotypic variation came from the program hybrids, which exhibited a wide range in agronomic traits but also greatly outnumbered the total number of checks tested.
Repeatability for Yield, Aflatoxin, and other Agronomic Traits
The SERAT entries were assumed to be unrelated, so repeatability (Eq. (Table 7a) , demonstrating good consistency in year-to-year (Farfan et al., 2015) . The repeatability of plant height was generally higher than that of yield from dataset 1, likely due to fewer diverse testing locations. Stem lodging varied greatly from year to year, while days to silking exhibited a high repeatability of mostly 0.9 and above, which was observed in the 350-testcross study but exceeded the range in the 48-testcross study. Although a smaller set of environments was used (dataset 2), the aflatoxin repeatability values ranged more widely than the agronomic traits (Table 7b ). As expected, the repeatability values for aflatoxin also had a wider range (0-0.90) than those for log 10 (aflatoxin + 1) (0.52-0.84). The values for log 10 (aflatoxin + 1) especially were within the range observed for the previously referenced studies. The lowest repeatability for log 10 (aflatoxin + 1) were observed in 2006 and 2010, when only two locations tested the aflatoxin levels and residual variances were unusually high. This high level of repeatability clearly demonstrated that, despite diverse environments and inoculation methods, the different programs could reasonably expect to separate broadly resistant hybrids (program or commercial checks) from susceptible germplasm. However, as different hybrids showed different repeatability, without multiple locations and stability analysis, it would be difficult to ensure that a hybrid had broad resistance in those years.
Correlations
Correlations were calculated phenotypically with raw data and genotypically using BLUP estimates (Eq.
[1]) within each year (Supplemental Table S3 ). Phenotypic correlations between yield and plant height were generally positive but often not significant, at least partly due to yield being determined by a pooled grain weight for each plot, while height was taken on one average plant per plot (Supplemental Table  S1 ). No consistent relationship between ear height and yield was found, but a strong positive relationship between plant and ear heights was identified, as expected. More than half of the correlations between plant height and days to silking were positive and highly significant phenotypically and genotypically. Small and mostly negative correlations were observed between yield and days to silking. This is commonly observed in the southern United States, especially for late-planted material exposed to additional heat later in the season. High temperatures reduce growth by shortening developmental phases, which reduces grain filling (Lee and Tollenaar, 2007) . Two important components of maize yield are the number of grains and their average weight (Gambín et al., 2006; Ordonez et al., 2015) , the first of which is set within a 30-d period around silking and the second being realized during the grain-filling period. During high temperatures, female tissues are also adversely affected, as is pollen sterility. Correlations between log 10 (aflatoxin + 1) and days to silking were mostly negative, especially in Georgia and Mississippi (Supplemental Table S3 ). A negative relationship has been observed in other studies as well: in the 48-testcross study (r = −0.35 phenotypic and −0.76 genotypic) (Betran et al., 2006) and also in one conducted on 25 commercial field and food hybrids evaluated in College Station and Weslaco, TX (r = −0.73) (Betran and Isakeit, 2004) . In the latter study, the authors attributed this observation to a confounding factor of more temperate germplasm adapted to the Midwest flowering earlier in Texas but also being more susceptible to aflatoxin production compared with those more adapted to southern environments-a challenging hypothesis to test. In the former study of 48 testcrosses, the relationship was attributed to germplasm differing in endosperm texture, kernel integrity, and susceptibility to aflatoxin. Flinty genotypes have been shown to accumulate less aflatoxin contamination, but their origins are mixed from across the northern United States, as well as lowland Central and South America. A third study, which tested tissue-specific components of the response to inoculation with A. flavus in maize inbred lines, attributed the negative correlation of flowering time with aflatoxin accumulation to either environmental differences (since inoculation was conducted somewhat later in the season on later-maturing lines) or physiological differences in later-maturing varieties (Mideros et al., 2012) . In contrast to the findings in the three aforementioned studies, (Mayfield et al., 2011) reported a positive genotypic correlation between flowering time and aflatoxin, possibly indicating a lateseason environment favorable to aflatoxin accumulation in the biparental recombinant inbred lines tested. They further noted that certain quantitative trait loci for aflatoxin, silking, and yield colocalize on chromosome 9, and the believed that the silking quantitative trait locus is the same as that detected in other studies (Chardon et al., 2004; Buckler et al., 2009 ). The divergence of findings in the direction of correlation between silking and aflatoxin accumulation suggests that it may be a germplasm-dependent and/or an environmentally dependent relationship. Across the diverse environments and germplasm studied here, the relationship clearly appears negative.
In the present study, there was no consistent relationship between yield and aflatoxin levels on a genotypic or phenotypic basis by year (Supplemental Table S3 ) or BLUPs for each genotype using all years combined. However, in 2006, a significant negative relationship between the two was observed, whereas in 2009 and 2014, there was a significant positive relationship. Also, certain entries tested in multiple years tended to exhibit exceptionally low aflatoxin levels and low yields, particularly hybrids from the Mississippi program. A few had low aflatoxin levels and relatively high yield. This is a bias of the SERAT test, however, where better-performing entries for aflatoxin levels and, to a lesser extent, yield (including commercial checks) are more likely to be replicated in subsequent years than poor-performing entries. It should be noted that no correlations between yield and log 10 (aflatoxin + 1) is displayed for Tifton because they were tested in separate fields, and often different farms, each year. Both the 48-testcross study (Betran et al., 2006) with limited irrigation and the 25-commercial hybrid study with irrigation (Betran and Isakeit, 2004) showed significant negative correlations between yield and log 10 (aflatoxin), although the former also tested the inbreds per se, and noted significant positive correlations. It seems likely that, in many environments, robust genotypes experience less stress and thus accumulate less aflatoxin, and this confounds detection of other aflatoxin resistance mechanisms.
Stability Analysis
In the current study, there was a highly significant positive relationship between yield and slope (r = 0.45, p < 0.0001) (Fig. 1) , with most of the top-yielding hybrids having a slope between 1.0 and 1.4. Thus, higher-yielding hybrids tended to be less stable, as they performed better in more favorable environments and worse in unfavorable environments. Significant correlations between yield and slope were especially evident in the years from 2010 to 2015 (Table 8 ). This suggests that high-performing genotypes utilize the available moisture and nutrients in a more efficient way than other relevant genotypes while exhibiting similar or even greater sensitivity to the detrimental effects of biotic and abiotic stresses. Most of the best hybrids in SERAT demonstrate an agronomic concept of stability, in which the slopes (b) of the regression of each individual performance in a given year against the average performance of all hybrids varied by ~1.0. Values for stability, along with average yield for each hybrid tested in each year, are provided in Supplemental Table  S5 , although some hybrids were not included in enough environments for stability to be calculated. Stability could not be measured for aflatoxin levels in hybrids, since there were four environments each year at most. The market for hybrid seed is more limited in the South than in the Midwest; therefore, it is even more important to identify hybrids that are broadly outstanding under all of the diverse environmental and management conditions that the southern US corn region experiences.
Type III stability was measured by the MSE for each regression. Joppa et al. (1971) noted that a high MSE was indicative of susceptibility of certain genotypes of wheat to disease. Thus, the lack of Type III stability or high MSE can be useful in calling attention to the relative lack of adaptability of a particular variety to different environments. However, in this study, no significant correlations between MSE and yield or slope were found, nor were higher MSE values associated with higher levels of aflatoxin.
Stabilities, along with BLUPs for yield and log 10 (aflatoxin + 1) for hybrids related to four commonly used inbred lines chosen from each program, are displayed in Supplemental Tables S5 and S6 to serve as examples for consistency of performance and relationships between yield and stability within a group of hybrids. For the Mp13 lines in 2014 and 2015, there was a fair amount of consistency, with low yields relative to check averages, high stability (all slopes < 1), and low aflatoxin levels. Most of the hybrids with GT603 also had low yields relative to the checks, slopes < 1, and low aflatoxin. More specifically, GP282 ´ gT603 displayed less stability than most other hybrids and yielded exceptionally well in the Tifton environment in 2011 and 2013 but ranged at much lower levels in all other locations. In 2011, overall aflatoxin levels for GP282 ´ gT603 were much higher than those in 2013, especially due to the conducive environment in College Station. Two other lines worthy of note are CUBA1TEO30 and CUBA1TEO21, as both formed hybrids with the same non-stiff stalk (NS) in 2013 and NS1, a different non-stiff stalk, in 2015. Each line performed very consistently in 2013 and 2015 with respect to yield and aflatoxin, although CUBA1TEO30 produced reasonable yields and average levels of aflatoxin, while CUBA1TEO21 performed poorly in both arenas and, in 2013, had a Type II stability of 0.37, which indicates a lack of responsiveness to improved environments.
Another type of stability analysis was used to examine the correlation of values of a trait in a common set of hybrids among different locations. It was evident that hybrid performance in yield and log 10 (aflatoxin + 1) was similar in different locations for each year (Table 4) . The aflatoxin levels for each location were highly correlated with the others in most years. The set of hybrids in 2015 performed in the most consistent or stable manner for yield, with all values for r ³ 0.90, although overall averages by location differed in a typical pattern. The correlations for aflatoxin, ranging from 0.67 to 0.75, were on the lower end of the range of values from 2011 to 2015.
Exceptional lines and Hybrids for Yield and Aflatoxin
Hybrid performance for aflatoxin resistance and yield was evaluated separately by year, since most hybrids were tested only 1 yr in multiple locations. Table 9 reveals the topyielding and/or lowest aflatoxin-accumulating hybrids in a given year from the full set of entries listed and ranked in Supplemental Table S4 , with those that combined aflatoxin levels significantly lower than check averages with yields on par or above check averages highlighted. Through linear contrasts based on the model represented by Eq. [1], 13 hybrids were identified as having yields on par with the check average for the year and significantly lower log 10 (aflatoxin + 1) levels at p = 0.05. One of them, Tx777 ´ SS3, achieved this distinction twice, in 2013 and 2015.
Yield
While very few hybrids were repeated across years, many of those repeated did perform consistently, reinforcing the value of the SERAT test. Hybrid B110 ´ BR-1 had a BLUP yield of 11.55 Mg ha −1 in 2007, which was 93% of check average levels; in the following year, it was 9.21 Mg ha −1 , yet was 99% of the check average level. BR-1 is an inbred line developed by the crossing of tropical germplasm BR52051 and a temperate non-stiff stalk line provided by the USDA GEM project. Inbred lines S2B73, S2B73BC, DK-7, PRA96A, C2A632-1a, B5C2, S1W, and CUBA1, as well as BR-1, were all developed by the Texas AgriLife Research Lubbock breeding program and selected for drought and heat tolerance. Two other hybrids that were tested in more than 1 yr and ranked in the top group in both years for yield and low aflatoxin were S2B73 ´ NC300 and Tx777 ´ S3 (a coded commercial inbred tester line). The CUBA1 ´ NS hybrid performed well in 2013 in yield, at 94% of the check average. Beyond specific hybrids tested in multiple years, a few named inbreds showed up multiple times in these best hybrids (Table 9 ). NC300 has a 100% tropical origin but had been adapted to a temperate climate by the North Carolina State University (NCSU) program and is among the higher yielding of its class (Hawbaker et al., 1997; Goodman, 1999) . Tx777 is one of the most successful among the LAMA lines of Bolivian origin currently undergoing the formal release process from Texas A&M University in College Station. CML343, which appeared in two top hybrids in this study, was developed by CIMMYT. It was in the top 10% in yield among 88 tropical-exotic inbreds tested in an extensive multi-environmental trial conducted by NCSU (Nelson and Goodman, 2008) . The Mississippi line Mp317 also performed well in a number of hybrid combinations in 2010, some not significantly different in yield from the highest performers and with aflatoxin resistance on par with the check average. Mp317 has been noted for its low levels of Fusarium verticilliodes (Sacc.) Nirenberg kernel infection and fumonisin contamination (King and Scott, 1981; Henry et al., 2009) . One other line of note for yield, tested only by the Mississippi program, is TZAR106, which formed two hybrids within the higher-yielding group and had aflatoxin levels at 64 and 70% of the check average in 2012.
Aflatoxin
In total across locations, 95 hybrids had log 10 (aflatoxin + 1) levels that were £90% of the check average for the years 2006 to 2015, and 25 hybrids had log 10 (aflatoxin + 1) that were £75% of the average of the checks (Table 10) . The most common inbred parents noted among the 95 low-aflatoxin hybrids include Mp313E, Mp494, Mp717, Mp719, the Mp13 series of inbreds, GT601, GT603, and Tx777. Mp313E (Scott and Zummo, 1990 ) stood out as being a parent in nine of the top 25 hybrids, including the only hybrid that reduced aflatoxin by >50% of checks (49%, Mp313E ´ Mp719 in 2013). Overall, 18 of the top 25 hybrids were from the Mississippi program, suggesting useful and broadly-adapted selections for resistance; unfortunately, the yield rank was low for most of the hybrids (with one exception in 2013: Mp313E ´ NC322). Mp313E was derived from Tuxpan and was released primarily as a source of resistance to kernel infection by A. flavus (Scott and Zummo, 1990) . A diallel analysis on aflatoxin accumulation in Mississippi found this line, along with Mp494, Mp717, and Mp715 (from which Mp719 is derived), exhibited significant negative (reduced aflatoxin) general combining ability effects (Williams et al., 2008b) . TZAR106 (Menkir et al., 2008) stood out as being a parent in two of the top 11 lines for aflatoxin reduction and, more importantly, on two susceptible temperate testers of each major heterotic group (LH51 and LH132). Furthermore, both of these hybrids had yield ³90% of that of the check averages. Unfortunately, they were only tested in 2012, but this suggests that more extensive testing is warranted.
GT601 and GT603, developed by the USDA-ARS Crop Protection program in Tifton, consistently produced low levels of aflatoxin in hybrids in multiple years. They were developed from the resistant population, GT-MAS:gk, which arose from a yellow dent Pioneer hybrid (Guo et al., 2007 . This same program has produced a number of other hybrids that are low in mycotoxin, the highest-yielding of which was LH210 ´ gT1309, which was tested in 2015 and was at 90% of the check average. Hybrids developed in Lubbock were often among the higher-yielding entries. The low aflatoxin ones were often of Cuban origin in recent years. The CUBA1 ´ NS level of aflatoxin was at 87% of check average in 2013.
CoNCluSioN
The SERAT consortium has successfully developed and identified maize hybrids and associated inbred lines that limit accumulation of aflatoxin on infection by A. flavus in different environments and inoculation methods in the southern United States. Furthermore, these results were highly repeatable for reduced aflatoxin accumulation across these conditions. Thirteen of the experimental hybrids were top performing in yield and low aflatoxin levels. Most of the hybrids tested included tropical or subtropical germplasm that have been associated with certain physical and physiological characteristics that serve as a barrier to infection or to the metabolic pathways, resulting in production and accumulation of aflatoxin, but are not generally features of higher-yielding temperate germplasm. We demonstrated that, across diverse germplasm under these diverse conditions, there was no direct relationship between yield and aflatoxin accumulation, and there appears to be two separate reasons why aflatoxin accumulation in some hybrids is low. First, some welladapted, high-yielding experimental hybrids (Table 9) and checks accumulate less aflatoxin, likely because they are experiencing less plant stress overall. This may partly explain why College Station in 2011, experiencing a prolonged period of little precipitation and excessively high temperatures from May through August, observed that check hybrids had lower average aflatoxin levels than the program ones. Warburton et al. (2013) identified in the southern-and tropical-focused association mapping panel that two well-known susceptible lines, B73 and Va35, resulted in a hybrid with aflatoxin levels not significantly different from some of the tropical subpopulations, which is most likely explained by the reduced plant stress that comes with high heterosis. Still, this hybrid's level was at the high end of the panel. Second, these results clearly indicate that some heritable mechanisms of resistance to aflatoxin contamination are unrelated to adaptation and yield (e.g., Mp313E). In this study, the former case appears to be exemplified in certain LAMA hybrids that have proven to be relatively high yielding and moderately resistant, as well as certain hybrids with CML450, CML343, or NC300. Other germplasm that are not as well adapted but have demonstrated significant resistance over many environments, such as GT603 and a number of the MP lines, provide valuable alleles that could be introgressed into elite and higher-yielding domestic germplasm in the future. A major research effort is underway to validate over 20 genomic regions, showing high association with low aflatoxin accumulation in more than one environment (Warburton, personal communication, 2016; Warburton et al., 2015) based on an aforementioned large genomewide association study of 300 inbred lines (Warburton et al., 2013) . The results of this study, in conjunction with a growing understanding of the genes and proteins involved in aflatoxin resistance, should largely mitigate the dilemma of choosing between high-yielding maize and aflatoxinresistant maize.
